Al-doped mesoporous ZnO thin films were synthesized by a sol-gel process and an evaporation-induced self-assembly process. In this work, the effects of Al doping concentration on the electrical conductivity and characterization of mesoporous ZnO thin films were investigated. By changing the Al doping concentration, ZnO grain growth is inhibited, and the mesoporous structure of ZnO is maintained during a relatively high temperature annealing process. The porosity of Al-doped mesoporous ZnO thin films increased slightly with increasing Al doping concentration. Finally, as electrical conductivity was increased as electrons were freed and pore structure was maintained by inhibiting grain growth, the thermoelectric property was enhanced with increasing Al concentration.
Introduction
Development of alternative energy is very important because fossil fuels are being rapidly depleted. Thermoelectricity is a very important green energy conversion technique, as waste heat could be used. When materials have a temperature gradient, electric current is generated in the materials. To maintain a high thermoelectric property, factors of Seebeck coefficient, electrical conductivity, and thermal conductivity need to be controlled individually. However, among thermoelectric factors, electrical conductivity and thermal conductivity have a proportional relationship. To overcome this problem, studies on structure change have been performed, including studies on nanostructures, nanowires, and superlattices [1] . Of the structures studied, mesoporous structures could be adapted to thermoelectrics because mesoporous structures have low thermal conductivity. Mesoporous materials have pores that range between 2 and 50 nm [2] . Because of their pore structure, mesoporous structures have properties such as a high specific surface area, low dielectric constant, and low thermal conductivity. In the evaporation-induced selfassembly (EISA) process, a micelle structure is formed and an ordered pore structure is synthesized after the annealing process. When the surfactant concentration exceeds the critical micelle concentration, the EISA process progresses. Good thermoelectric materials have high Seebeck coefficient and electrical conductivity and low thermal conductivity. The order of the pore structure is very important to controlling the electrical conductivity and the thermal conductivity individually because the inelastic mean free path of electrons and phonons is different. This difference is generally referred to as the phonon-glass electron crystal (PGEC) effect. Because the inelastic mean free path of an electron is longer than that of a phonon, phonons are scattered effectively in ordered mesoporous structures [3, 4] . In order to maximize the PGEC effect, a doping source with an inhibited grain growth property is used because its ordered pore structure is less prone to collapse.
Zinc oxide (ZnO) is an important n-type wide band gap semiconductor material used in various applications such as photovoltaic devices [5] , gas sensors [6] , and solar cells [7] . By using physical vapor deposition, chemical vapor deposition, and the sol-gel process [8] [9] [10] , ZnO thin films can be easily synthesized. In this work, the sol-gel process was selected to adapt the EISA process. ZnO could be doped with various group III materials such as In, Ga, and Al. Among the many doping materials, Al-doped ZnO thin films are most important for this application. Because Al-doped ZnO thin films have high thermal stability and are inexpensive, they have been studied as possible next-generation materials to replace indium tin oxides [11] . In this work, Al was doped to increase its thermoelectric properties. When Al was doped in ZnO, the electrical conductivity was increased [12] . Moreover, the grain growth of ZnO was effectively inhibited [13] . In Al doping, Al ions are substituted at Zn ion sites. In this process, the hexagonal wurtzite structure is distorted because of the difference in the radius of Al 3+ (0.054 nm) and Zn 2+ (0.074 nm). Finally, the crystalline structure deteriorates because when stress forms in thin films, the grain growth of the hexagonal wurtzite structure is inhibited. In a mesoporous structure, high temperature stability is essential to maintaining an ordered pore structure. An Al-doped mesoporous ZnO thin film could have good thermoelectric properties because it has a high electrical conductivity and high temperature stability due to inhibited grain growth. In this paper, the effects of Al concentration on the pore arrangement in mesoporous ZnO thin films and on the crystallization, pore structure, porosity, and thermoelectric property of the film were analyzed.
Experimental Procedure
Al-doped mesoporous ZnO thin films were prepared on SiO 2 /Si substrates by sol-gel and spin coating processes. Zinc
, and monoethanolamine (MEA) were used as Zn precursor, solvent, surfactant, dopant source, and complex agent, respectively. The molar ratios of MEA/Zn precursor and surfactant/Zn precursor were fixed at 1 and 0.05 in this work. The molar ratio of zinc acetate dihydrate : Brij-76 : MEA : n-propanol was 1 : 0.05 : 1 : 34.5. The atomic ratio of Al precursor and Zn precursor was changed from 0 at.% to 4 at.%. The precursor solutions were spin coated onto SiO 2 /Si substrate. Solvent was evaporated during the spin coating process. Then, the EISA process was started in the thin films and a micelle structure was synthesized. Asprepared thin films were preheated at 300 ∘ C for 10 min to remove residual organics. After preheating, Al-doped mesoporous ZnO thin films were annealed at 650 ∘ C for 4 h. To investigate the resulting ordered pore structure, smallangle X-ray diffraction (SAXRD) was performed with Cu K radiation ( = 1.5418Å) at angles of 1 ∘ to 5 ∘ . Grazing incidence small-angle X-ray scattering (GISAXS) at the 3C beam line ( = 1.54Å and Δ / = 5 × 10 −4 ) of the Pohang Light Source (PLS) in Korea was also used to investigate the pore arrangement of the thin film [14] . Porosity was measured with an ellipsometer (Gatan L117C, 632.8 nm He-Ne laser) and calculated using the Lorentz-Lorenz equation [15] . The thermoelectric properties of Al-doped ZnO thin films were measured by detecting the Seebeck voltage with SEEPEL thermoelectric properties measurement system (TEP 850) and the temperature difference from 323 K to 478 K at intervals of 50 K in flowing helium gas atmosphere.
Results and Discussion
Regardless of Al concentration, all mesoporous ZnO thin films have a hexagonal wurtzite structure. Diffraction peaks at 31. [16] . However, all samples had the same crystal phase and hexagonal wurtzite structure, peak intensity decreased with increasing Al concentration, as shown in Figure 1 . inhibited by Al doping. Furthermore undetected ZnAl 2 O 4 secondary phase from the XRD measurement might act a grain boundary pinning site, that is, grain growth inhibitor. Based on this result, the grain growth of ZnO was inhibited with increasing Al concentration. The Al doping process enhances electrical conductivity via n-type dopant and pore structure reinforcement in a mesoporous ZnO structure, which acts as a grain growth inhibitor during the hightemperature annealing process. In general, the crystallization of ZnO is started at low temperatures in the sol-gel process [12] . Because of grain growth in skeleton-structured ZnO, the pore structure of mesoporous ZnO could collapse easily. However, with Al doping, grain growth could be inhibited effectively and pore structure could be maintained compared with mesoporous pure ZnO. To investigate the relationship between crystallization and an ordered pore structure, SAXRD was used in the range of 1 ∘ to 5 ∘ . As shown in Figure 2 , broad SAXRD peaks could be observed at around 1.61
∘ of 2 in all samples. All samples showed broad diffraction peaks, which suggests that a partially ordered pore structure is present in the thin films [17] . Because of the hightemperature annealing, the ordered pore structure collapsed and was replaced with a partially ordered pore structure, as shown at Figure 2 . The partially ordered structure showed a broad peak at around 1.61 ∘ . Regardless of Al concentration, peak intensity was also very similar to pure mesoporous ZnO and Al-doped samples. All samples showed an interpore distance of 5.47 nm. The hexagonal wurtzite structure is inhibited by Al doping [18] so that the pore structure is affected. GISAXS analysis was used to analyze the pore structure in more detail. When an X-ray is scattered at the surface of a sample at a low grazing incidence, an X-ray is emitted due to changes in the surface density. Because the emitted X-ray strikes the two-dimensional detector in the horizontal and vertical dimensions, the pore structure can be analyzed in detail [19] . As shown in Figure 3 , the GISAXS pattern was enlarged in the horizontal directions with increasing Al concentration. In GISAXS, enlargement in the scattering pattern in the horizontal or vertical directions indicates an ordered pore structure in the horizontal or vertical directions in the thin film. In the case of pure mesoporous ZnO thin films, a partially ordered pore structure pattern and scattering pattern were observed together, meaning that the ordered pore structure exists partially in the horizontal and vertical direction in thin films. However, as the Al doping concentration increased, the partially ordered pore structure scattering pattern in the horizontal direction became more apparent. As shown in Figure 3 , the ordering of the pore arrangement was enhanced by increased Al concentration. Based on this result, the partially ordered pore structures of Al-doped mesoporous ZnO thin films were maintained because the grain growth of hexagonal wurtzite was effectively inhibited.
The grain growth of ZnO was prevented by Al doping. The pore arrangement also changed, as shown in Figure 3 . This change in the pore arrangement could affect porosity. The variation in porosity with Al doping in the mesoporous structure was calculated using the Lorentz-Lorenz equation.
Consider
where is the pore volume fraction, is the refractive index of the film, and is the refractive index of air. Figure 4 shows the variation in the porosity of Al-doped mesoporous ZnO thin films. As Al concentration changed, porosity also changed slightly from 34% to 39%. Although the porosity was decreased at 4 at.% Al doping, the porosity tends to increase slightly with Al doping concentration. Because the grain growth of ZnO was inhibited, the pore structure collapsed less at the same annealing temperature, and the porosity increased slightly. Based on this result, we conclude that about 5% of porosity could be affected by grain growth. Figure 5 shows the change in the Seebeck coefficient at various Al doping concentrations. All Seebeck coefficient values are in the negative range because ZnO is n-type. When the Al concentration increases to 2 at.%, the Seebeck coefficient is decreased. Because the number of free electrons increases, the carrier concentration in the ZnO thin film increases. In general, the Seebeck coefficient and carrier concentration are inversely related. The Seebeck coefficient value decreases as the Al doping process progresses. When Al is doped at 0 at.% in mesoporous ZnO thin films, the highest Seebeck coefficient at 383 K is −75.72 V/K. Although the Seebeck coefficient is at a minimum when the Al concentration is 2 at.% with a value of −63.58 V/K at 383 K, the decrease in the Seebeck coefficient was not large. The electrical conductivity was higher due to the increase in free electrons. The thermal conductivity declined because the ordered pore structure was maintained better than in pure mesoporous ZnO.
Electrical conductivity at various Al concentrations is shown in Figure 6 films were 4.17, 13.15, 15.37, and 13.47/Ωcm. When compared with pure mesoporous ZnO, the electrical conductivities increased by about 3.5 times. Mesoporous ZnO thin films with 2 at.% Al doping showed the highest electrical conductivity. However, in the case of 4 at.% Al doping, the electrical conductivity decreased slightly due to increased scattering at the center due to excess Al doping [20] . Comparing the Seebeck coefficient and electrical conductivity, it can be seen that Al doping in mesoporous ZnO enhanced the thermoelectric properties. Although the Seebeck coefficient decreased, the increase in electrical conductivity is very high, and thus the thermoelectric properties increased. For example, when Al is doped in mesoporous ZnO, the Seebeck coefficient decreases by about 20%. However, electrical conductivity increases by about 3.5 times. For this reason, the power factor ( 2 ) increased by a factor of 3. When Al is used to dope ZnO, the thermal conductivity of the electron term is increased. However, the contribution of the electron in thermal conductivity was very small [21] . The thermal conductivity of the phonon might have decreased, because the grain growth in ZnO is inhibited, which maximizes the PGEC effect. Finally, the thermoelectric properties of mesoporous ZnO thin films could be increased with an Al doping process.
Conclusion
In this work, Al-doped mesoporous ZnO thin film was synthesized. The Al doping concentration was varied from 0 at.% to 4 at.% to investigate the crystal structure and thermoelectric properties. The phase formation of ZnO with hexagonal wurtzite structure and the grain growth were inhibited from an increased doping concentration of Al. Therefore, a partially ordered pore structure could be maintained after anneal by doping with Al. Although the Seebeck coefficient was decreased with increasing Al concentration, the decrease in the Seebeck coefficient was relatively small and the increase in the electrical conductivity was large. The thermoelectric properties were enhanced by a factor of 3 as the Al doping concentration increased. As a result, the mesoporous ZnO thin film showed better thermoelectric properties after Al doping.
